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13.1
Is the disc a source of back pain? 
G.B.J. Andersson, United States of America 
The disc as a source of back pain is controversial. This is because 
disc degeneration occurs as part of normal aging and often presents 
without any associated back symptoms. The intervertebral disc is a 
highly organized matrix laid down by relatively few cells in a very 
TQFDJ¾D NBOOFS 5IFSF JT B DFOUSBM HFMBUJOPVT OVDMFVT QVMQPTVT
contained within the collagenous lamellar annulus laterally and 
the cartilaginous endplates superiorly and inferiorly. The disc is 
avascular. With increasing age water is lost from the matrix and the 
QSPUFPHMZDBODPOUFOUJTEJNJOJTIFE&WFOUVBMMZDSBDLTBOE¾TTVSFT
form inside the disc and cell death occurs. The cartilaginous endplates 
also change with age and become thinner and less porous. 
The degenerative changes are easily observed using Magnetic 
Resonance Imaging. Unfortunately, imaging does not provide 
information about whether or not the disc is painful. The only 
current method available to determine this is discography where a 
pain response is elicited by an injection into the disc. This diagnostic 
UFDIOJRVFIBTMPXTFOTJUJWJUZBOETQFDJ¾DJUZ
Disc degeneration causes biomechanical changes. While it is yet 
uncertain to what degree mechanical factors contribute to the 
initiation and progression of disc degeneration, it is clear that 
it causes changes in the mobility of the disc. Thus in the earlier 
stages of degeneration hypermobility occurs. Over time however, 
there is an adaptive response to the altered loading conditions 
resulting in hypomobility. There is a complex interaction between 
the intervertebral disc biomechanics, cell biology, disc nutrition, 
systemic factors and genetic background which we are just beginning 
to understand. 
While the disc as a primary source of pain still remains controversial, 
there is no question that degenerative events occurring in the 
intervertebral disc can give rise to pain through secondary 
mechanisms. Disc herniations occur when the degenerative process 
weakens the annular ring allowing for herniation of previously 
contained disc material. This is currently one of the most common 
reasons for surgical procedures generally although most patients 
with disc herniations will have spontaneous recovery. When the disc 
degenerates it loses height. This changes the relationship of the 
surfaces of the facet joints. As a consequence osteoarthritic changes 
occur in the facet joints. Through facet osteoarthritis and loss of disc 
IFJHIUDBVTJOHBCVOEMJOHPGUIFMJHBNFOUVN¿BWVNUIFTQBDFGPSUIF
thecal sac and nerve roots become smaller with clinical symptoms of 
spinal stenosis. Another secondary disease entity is degenerative 
spondylolisthesis occurring because a biomechanically weaker disc 
allows one vertebra to slip on its neighbor. 
Treatment of disc degeneration in its earlier stages has received 
much recent attention. New research explores the potential of 
growth factors, bone morphogenic proteins, gene therapy and cell 
transplantation as biologic therapeutics. Improved understanding of 
the pathogenesis of disc degeneration becomes important to select 
UIFNPTUTQFDJ¾DTUSBUFHZJOUIJTDPOUFYU
In summary, disc degeneration is the cause of secondary spinal 
conditions which are common and not infrequently lead to surgical 
intervention. It remains unclear to what degree it is a source of 
primary pain, but theoretical reasons and therapeutic responses 
suggest that this is a distinct possibility. 
13.2
The role of notochordal cells in the intervertebral disc 
C.J. Hunter, Canada 
The year 2003 marked a watershed in the study of notochordal 
cells (27 new articles in the subsequent four years, as compared 
to 55 in the previous twenty). What have we learned? Introduction 
Intervertebral disc-related back pain is one of the most economically 
TJHOJ¾DBOUNVTDVMPTLFMFUBMEJTPSEFST JOXFTUFSOTPDJFUZ 	
4PNF
$50-100 billion are lost to the US economy alone each year due to 
back pain, and the majority of this cost is due to disc-related back 
pain (1;2). Degeneration of the intervertebral disc is demonstrably 
an age-related process, but age alone cannot explain the pathology 
(3). The condition is clearly multimodal, with environmental, genetic, 
BOE QPTTJCMZ FWFO OVUSJUJPOBM GBDUPST QMBZJOH TJHOJ¾DBOU SPMFT JO
determining the rate and degree of degeneration (3-5). In humans 
BOE NBOZ PUIFS TQFDJFT UIF ¾STU TJHOT PG EFHFOFSBUJPO BQQFBS
concomitant with the disappearance of the notochordal cells; in 
fact the two events can be considered to be simultaneous. In most 
HSBEJOHTDIFNBUIF¾STUTUBHFPGEFHFOFSBUJPOJTUIFUSBOTJUJPOGSPN
BHFMBUJOPVTOVDMFVTQVMQPTVTUPB¾CSPVTPOF	
5IFHFMBUJOPVT
tissue is almost exclusively populated by notochordal cells, while 
UIF¾CSPVTUJTTVFJTDPNQMFUFMZMBDLJOHJOUIFTFDFMMT	

What is the notochordal cell? The vertebral column is formed in 
the embryo by a specialized structure called the notochord. This 
endoderm-derived tissue forms in the trilaminar disc and functions 
as a primitive spine; indeed, some animals never proceed beyond 
the notochord (e.g. lamprey eels). In higher vertebrates, the 
notochord functions to lay down the pattern over which the osseous 
and cartilaginous vertebral column will be assembled. Mesenchymal 
cells from the adjacent somites migrate and condense around the 
notochord, which begins to form an alternating pattern of constricted 
and swollen regions. In the constricted regions, the cells deposit 
osseous matrix and the vertebrae are formed; here the notochord 
will completely degenerate by birth. In the swollen regions, the cells 
deposit cartilaginous matrix and the intervertebral discs are formed. 
In many vertebrates (e.g. horses, cows, sheep, and humans), the 
notochordal cells disappear early in life, sometimes even before birth, 
and are replaced by a sparse population of chondrocyte-like cells. In 
some vertebrates (e.g. rats, mice, rabbits, pigs, and certain breeds of 
dog), the notochordal cells are retained for an extended period (9). 
Under routine histology, the notochordal (Grade 1) nucleus pulposus 
appears to contain a dense population of physaliferous cells, while 
UIF¾CSPVT	(SBEF
OVDMFVTDPOUBJOTBTQBSTFQPQVMBUJPOPGTNBMM
cells (10). Three-dimensional reconstruction of the cells via confocal 
microscopy reveals a complex microarchitecture consisting of 
large clusters of interconnected cells (7). These clusters appear to 
in some manner serve the functionality of the cells, as disruption 
can lead to apoptosis (11). Until recently, it was generally assumed 
that the notochordal nucleus pulposus contained a homogeneous 
population. However, recent evidence suggests there are at least 
two distinct cell populations present. Collagenase digestion (12) of 
the Grade 1 nucleus reveals two distinct morphologies, which can be 
TFQBSBUFEVTJOH'"$4PS'JDPMQSPUPDPMT5IF¾STUJTBMBSHF	_N
diameter) vacuolated cell resembling notochord and notochordal 
cells (13). The second is a small (~10 µm diameter) unvacuolated 
DFMMSFTFNCMJOHDIPOESPDZUFTPS¾CSPDZUFT *GOPUTFQBSBUFEUIFTF
small cells frequently overtake the large cells in monolayer culture. 
Therefore we have explored separation via FACS (using forward and 
side scatter), Ficol gradient centrifugation, and adhesion selection. 
Of the three methods, FACS has remained the most robust, however 
DFMMZJFMETBSFMPX"DSPTT¾WFBOJNBMTUIFUPUBMDFMMZJFMETGSPN¾WF
lumbar IVDs prior to FACS was 3.96x106 ± 5.55x105, while large and 
small cell yields post-FACS were 3.16x105 ± 4.86x104 and 6.46x104 
± 2.83x104, respectively (mean ± standard error). This is an average 
loss rate of almost 90%! Assuming the loss to be uniform between 
large and small cells (admittedly a dubious assumption), the general 
ratio of large:small cells in tissue is approximately 8.2. So where are 
UIFTFDFMMT JOUIFUJTTVF 5IJT JTEJG¾DVMUUPEFUFSNJOFCBTFEVQPO
morphology alone, thus a differential phenotype is needed. SDS-PAGE 
analysis of the two cell populations (after FACS separation) indicates 
EJTUJODUQSPUFJOQSP¾MFT5IFMBSHFDFMMTFYQSFTTTFWFSBMQSPUFJOTBU
70, 60, and 45 kDa, while only the 70 kDa protein is present in the 
TNBMMDFMMT5IFL%BCBOEIBTCFFOQPTJUJWFMZJEFOUJ¾FEBTCPWJOF
serum albumin (using LC/MS/MS analysis), presumably absorbed 
from the culture medium. Further work is ongoing to identify the 
remaining bands and to determine if any other cell-surface markers 
may be differentially expressed. 
Phenotype Markers Before one can reliably isolate or examine 
a cell population, we must establish a distinct phenotype with 
which to distinguish it from other cell types. This phenotype must 
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be (1) unique and (2) simple, i.e. two cell types should not require 
a large number of genes or proteins to be examined in detail to 
distinguish them. Numerous cell types have a compact and distinct 
phenotype. Articular chondrocytes express collagen II and aggrecan 
(14); osteoblasts express osteocalcin and alkaline phosphatase. Is 
UIFSF B EF¾OJUJWF QIFOPUZQF GPS OPUPDIPSEBM DFMMT  6OUJM SFDFOUMZ
UIFQIFOPUZQFPGOPUPDIPSEBMDFMMTIBTCFFOQPPSMZEF¾OFE.PTU
existing data was from either fetal notochord or chordoma. Prior to 
2003, several markers were established for notochord, particularly 
collagen IIA, vimentin, and CD44. Other markers could be surmised 
from chordoma (the cancerous form of the notochordal cell, about 
which more later), particularly galectin-3. Since that date, several 
studies have added to this list: CTGF (15), CD24 (16), and galectin-
	
	DPO¾SNFEBTQSFTFOU JOSBUOPUPDIPSEBMDFMMT
1FSIBQTUIF
most comprehensive effort to date has been by Lee and coauthors, 
wherein rat cells were examined using microarray and real-time 
351$3 5IFZ GPVOE TJHOJ¾DBOU FMFWBUJPO PG $0.1 BOENBUSJY HMB
protein precursor in 2-3 year old rat NP as compared to 14-16 week 
old tissue (18). While not absolutely conclusive, given the possible 
trace contamination of “small” cells as shown above, these studies 
certainly point to additional potential markers of the notochordal 
phenotype. This is a huge expansion of the phenotypic markers, 
BOEJUPOMZSFNBJOTUPEFUFSNJOFJGBTVCTFUPGUIFTFBSFTVG¾DJFOU
to uniquely identify notochordal cells. What do the notochordal cells 
do? In the embryo, the notochord provides structural support and 
guides formation of the vertebral column via secretion of chemotactic 
and differentiation factors (9). Postnatally, the purpose of these 
cells is much less clear. It has been shown that notochordal cells can 
themselves synthesize many important molecules: Osteonectin (19), 
Aggrecan (20), Collagen IIa (21), Chondroitin sulphate-containing 
proteoglycan (22), Fibronectin, tenascin, laminin, biglycan, 
decorin, and collagen II (23), Connnective tissue growth factor (24), 
Hepatocyte growth factor (25), Basic FGF (26-28), Insulin-like growth 
factor (various) (29-35), and Transforming growth factor-? (various) 
	
"HVJBSBOEDPBVUIPSTXFSFUIF¾STUUPEFNPOTUSBUFUIBUUIF
notochordal cells could actively stimulate proteoglycan synthesis 
CZOPOOPUPDIPSEBMEJTDDFMMT	
5IJT¾OEJOHIBTCFFODPO¾SNFE
and reinforced by others (43-46), producing the hypothesis that 
the cells drive homeostasis in the Grade 1 disc (47;48). This in turn 
suggests that the loss of the notochordal cells could be an important 
initiating event in the degeneration cascade (albeit not the only 
such event, as many individuals lose the notochordal cells yet never 
undergo pathologic degeneration). Finally, it might be possible 
to restore homeostasis in the disc by restoring the notochordal 
cells or, more likely, the signals produced by them. Where do the 
notochordal cells go? It is generally assumed that the notochordal 
cells apoptose, however it is possible that they undergo terminal 
differentiation to the “small cell” phenotype and morphology. A 
EF¾OJUJWFEFUFSNJOBUJPOPGUIFGBUFPGUIFOPUPDIPSEBMDFMMTDPVMECF
highly informative. The changes in phenotype or population, and the 
mechanisms underlying those changes, may yield important insights 
into how and why the cells fail to maintain or repair the disc during 
IVD degeneration. Kim and coauthors claimed to demonstrate that 
chondrocytic cells in the Grade 2 nucleus pulposus had originated 
from the cartilaginous endplates. However, their methodology relied 
VQPO UIFBTTVNQUJPO UIBU DPMMBHFO¾CSFTPCTFSWFE JOIJTUPMPHJDBM
sections indicated migratory pathways (49). The idea that collagen 
¾CSFTNJHIUJOEJDBUFBOBYJTPGDFMMNPUJMJUZJTQMBVTJCMFCVUGBSGSPN
proven. Furthermore, they relied upon histological sections, which 
would fail to accurately capture the three-dimensional nature of the 
pathway. Thus, while Kim’s hypothesis is plausible, the data fail to 
support the conclusion. More rigorous studies will be required to 
conclusively determine the origin of these cells. If the notochordal 
cells in the postnatal IVD undergo apoptosis, why have virtually no 
reports conclusively demonstrated this? One study demonstrated a 
plausible mechanism for apoptosis, showing that the machinery for 
FAS-mediated apoptosis was present and correlated with TUNEL-
positive cells in rat spines (50). However the rat spine is very slow 
to lose the notochordal cells, and they generally do not disappear 
entirely until very late in life. What about more human-like cell 
kinetics? The fundamental problem is one of cell densities. For 
example: the canine notochordal disc contains approximately 7.9 x 
105 cells (see above). If we assume that the transition from Grade 1 to 
Grade 2 occurs over two years (our typical observations), this means 
4 x 105 cells die per year, assuming no proliferation. Apoptosis can 
typically be detected for several days in a slow-metabolising tissue 
like the IVD, so if an apoptotic cell is detectable for a week, this yields 
761 cells per week. A typical histological section is 8 ?m, producing 
500 possible transverse sections through the entire height of the 
disc. If evenly distributed, the 761 apoptotic nuclei would therefore 
occur at a density of slightly more than one per section. Thus, from a 
statistical point of view, the search for apoptosis in serial sections of 
large animal IVDs is virtually pointless. We must then either identify 
apoptosis via other methods. Best of all would be longitudinal 
studies with non-invasive molecular imaging modalities. Various 
new techniques—for example caspase-binding radioligands—are 
being developed which could shed light on this troublesome issue 
(51;52), and every effort should be made to apply them to this 
intriguing question. 
" TJHOJ¾DBOU CPEZ PG SFTFBSDI IBT SFWFBMFE NBOZ FYDJUJOH BOE
intruguing new aspects to the notochordal cell. We now have the start 
of an understanding into the environment in which the notochordal 
cells exist, the functions they perform, and the reasons for their 
departure. However, these and many more questions remain to be 
studied in greater depth. If fully explore the nature and function of 
these cells, we may gain important new insights into the origins of 
the vertebral column, the mechanisms by which it degenerates, and 
the options we have for slowing or even reversing intervertebral disc 
degeneration. 
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13.3
Comparison of intervertebral disc and articular cartilage 
S.J. Millward-Sadler, J.A. Hoyland, United Kingdom 
Despite diverse developmental origins and different overall 
structures, many authors have suggested that the intervertebral disc 
(IVD) is analogous to articular cartilage from a synovial joint because 
of the composition of the two tissues. This review will summarise 
some of the similarities and differences between the two tissues that 
are currently known from the authors own research and published 
data from other studies. 
Development 
Diarthrodial synovial joints are formed by cavitation of the bone. The 
cartilaginous anlagen of the developing long bones are separated 
by the interzone, which has three layers, two chondrogenous layers 
(the epiphyseal cartilage) separated by an intermediate layer of 
spindle shaped cells. During cavitation the interzone separates to 
form the surface of articular cartilage, but the cells do not express 
a chondrocyte phenotype; they synthesise collagen type V, not type 
II1. Collagen type II is expressed by the underlying chondrogenous 
layers. The cells in the developing cartilage are loosely packed and 
have little matrix. Following cavitation the there is a rapid growth 
and synthesis of chondrocyte matrix molecules and the cells become 
much more widely separated as the hyaline cartilage develops from 
the chondrogenous layers and the epiphyses enlarge1.
The IVD and vertebral bodies of the spine develop mesenchymal cells 
from the mesodermal somites that surround the neural tube (the 
developing spinal cord), and the notochord, which is formed in the 
embryo between the second and third weeks of gestation. In humans 
UIFOPUPDIPSECFHJOTUPSFHSFTTBUBCPVUUIFUJNFUIBUPTTJ¾DBUJPO
of the vertebral bodies begins in the embryo, but notochordal cells 
DBOCFJEFOUJ¾FEJODIJMESFOVQUPUIFBHFPGZFBSTPME5IFSPMF
of the notochord is unclear, but may be involved in maturation and 
repair of the central region of the young IVD. Some animal species, 
including dogs, have strains where the notochordal cells persist 
throughout the life of the animal (non-chondrodystrophic), and in 
these dogs there is a low incidence of disc degeneration, unlike the 
strains where the notochordal cells disappear as the IVD matures 
(chondrodystrophic)2. A comparison of the NP of chondrodystrophic 
and non-chondrodystrophic animals reveals that in strains that 
MPTF UIFOPUPDIPSE UIFSF JTBTJHOJ¾DBOUEFDSFBTF JOQSPUFPHMZDBO
DPOUFOUBOEDPDVMUVSJOH/1DFMMTXJUIOPUPDIPSEBMDFMMTTJHOJ¾DBOUMZ
upregulates proteoglycan expression2.
Structure 
Articular hyaline cartilage covers the ends of long bones within the 
synovial joint, and provides a smooth frictionless surface for the joint 
facets. It functions as a ‘shock-absorber’ within the joint, protecting 
the underlying bone from shearing and compressive forces, and 
spreading the load transmitted to subchondral bone3. This is a role 
UIBU JT BMTP DBSSJFE PVU CZ UIF ¾CSPDBSUJMBHJOPVTNFOJTDVT UIBU JT
situated between and partially covers the two articular surfaces. The 
BSUJDVMBSDBSUJMBHFJTDPNQPTFEPGBOFUXPSLPGDPMMBHFO¾CSFTBOE
proteoglycans that provide the tensile strength and resistance to 
compression respectively. The whole joint is surrounded by a synovial 
membrane that is responsible for the production of the synovial 
¿VJE UIBU CBUIFT UIF UJTTVFXJUIJO UIF KPJOU DBQTVMF BOE QSPWJEFT
lubrication to enable the upper and lower components of the joint to 
NPWFTNPPUIMZPWFSFBDIPUIFSBTUIFKPJOUJT¿FYFEBOEFYUFOEFE
Articular cartilage is an avascular, aneural tissue, and so relies on 
diffusion for its nutrition and oxygen supply; thus the composition of 
UIFTZOPWJBM¿VJEJTDSJUJDBMUPUIFBEFRVBUFNBJOUFOBODFPGIFBMUIZ
articular cartilage. 
5IF*7%JTB¾CSPDBSUJMBHJOPVTTUSVDUVSFUIBUTFQBSBUFTUIFWFSUFCSBF
in the spine, and is situated between two cartilaginous endplates. 
*UDPOUSJCVUFTUPUIF¿FYJCJMJUZBOETUBCJMJUZPG UIFTQJOFBTXFMMBT
providing load transmission and compressibility by virtue of its 
structure and composition. The IVD is made up of an outer annulus 
¾CSPTVT	"'
UIBU JTDPNQPTFEPGEFOTFIJHIMZPSHBOJ[FEDPMMBHFO
¾CSFT PG QSFEPNJOBOUMZ UZQF * DPMMBHFO BSSBOHFE JO DPODFOUSJD
rings, an inner AF that is less collagenous or organised, and forms 
BUSBOTJUJPOBM MBZFSBOEBDFOUSBMOVDMFVT¾CSPTVT	/1
UIBUGPSNT
a proteoglycan-rich core which is highly hydrated and provides the 
compressibility of the tissue. The disc is relatively hypovascular, 
with limited innervation, and so relies on diffusion for much of its 
nutrition. This diffusion is through the cartilage endplate, or from the 
very limited vascular supply in the outer AF. There is no synovium 
TVSSPVOEJOHUIFUJTTVFPSTZOPWJBM¿VJEXJUIJOUIFKPJOU4.
